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Abstract Variations in the high-energy relativistic electron ﬂux of the radiation belts depend on
transport, acceleration, and loss processes, and importantly on the lower-energy seed population. However,
data on the seed population is limited to a few satellite missions. Here we present a newmethod that utilizes
data from the Medium Energy Proton/Electron Detector on board the low-altitude Polar Operational
Environmental Satellites to retrieve the seed population at a pitch angle of 90∘. The integral ﬂux values
measured by Medium Energy Proton/Electron Detector relate to a low equatorial pitch angle and were
converted to omnidirectional ﬂux using parameters obtained from ﬁtting one or two sinN 𝛼 functions to
pitch angle distributions given by three and a half years of Van Allen Probes data. Two methods to convert
from integral to diﬀerential ﬂux are explored. One utilizes integral and diﬀerential ﬂux energy distributions
from the AE9 model, the second employs an iterative ﬁtting approach based on a Reverse Monte Carlo
(RMC) method. The omnidirectional diﬀerential ﬂux was converted to an equatorial pitch angle of 90∘,
again using statistical pitch angle distributions from Van Allen Probe data. We validate the resulting 90∘
ﬂux for 100- to 600-keV electrons against measurements from the Van Allen Probes and show an average
agreement within a factor of 4 for L* > 3.7. The resulting data set oﬀers a high time resolution, across
multiple magnetic local time planes, and may be used to formulate event-speciﬁc low-energy boundary
conditions for radiation belt models.
1. Introduction
Recent work has highlighted the observed links between increases in the seed population (30- to 500-keV
electrons) and the generation of relativistic electrons in the Earth’s radiation belts (Boyd et al., 2016; Jaynes
et al., 2015). Substorm injections can increase the seed population, providing additional electrons that can
be accelerated to relativistic energies, potentially resulting in larger relativistic ﬂux levels (Obara et al., 2000).
Using the DREAM3D diﬀusion model, Tu et al. (2014) showed that model results were closer to observations
for the October 2012 storm when a realistic seed population was used for the low-energy boundary and
event-speciﬁc diﬀusion coeﬃcients were employed. Tu et al. (2014) eﬀectively demonstrated that knowledge
of the seed population is important to fully understand the evolution of the radiation belts.
At present, the Van Allen ProbesMagnetic Election Ion Spectrometer (MagEIS) providesmeasurements of the
energetic electron ﬂux throughout the Earth’s radiation belt region. The twin Van Allen Probes operate in a
highly elliptical near-equatorial orbit, with a period of ∼9 hr and an apogee of ∼5.8 RE , inside geostationary
orbit (Mauk et al., 2013). The level 3 data fromMagEIS supplies the electron ﬂux for energies in the range∼30
keV to 4MeV in 11pitch angle bins (Blake et al., 2013). TheMagEIS instrumentswerepoweredon in September
2012 and remain in operation (Spence et al., 2013), providing an excellent data set with which to study the
seed population. For radiation belt models, the Van Allen Probes data can be used to create event-speciﬁc
low-energy boundary conditions in order to examine periods after September 2012. However, before this
period, seed population data tend to be limited in energy and pitch angle coverage.
Prior to 2012, theNational Oceanic andAtmospheric Administration (NOAA) Polar Operational Environmental
Satellites (POES) were operational. The POES satellites carry the Space Environment Monitor (SEM-2) Medium
Energy Proton and Electron Detector (MEPED), which measures >30-, >100-, and >300-keV electron data at
a 2-s resolution (Evans & Greer, 2004). Launched in May 1998, NOAA15 was the ﬁrst POES satellite to carry
SEM-2. Since then, a further four POES satellites have been launched and, to date, three POES satellites are still
sampling data. POES MEPEDmeasurements are therefore available for more than the last 19 years, providing
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awealth of information on seed population electrons. Operating in a∼98.5∘ inclination low Earth orbit, these
satellites sample the electron ﬂux across a broad range of themagnetic coordinate L* (Roederer, 1970). During
quiet conditions, POES coverage can extend from L* < 1.3 to L* > 8.5; a larger L* range than possible with
the Van Allen Probes. Due to the orbit, the POES satellites oﬀer very rapid measurements of the radiation
belts and, with up to ﬁve satellites sampling the region, provide data in multiple magnetic local time (MLT)
planes. However, one of themajor limitations of the POES data set for studying the seed population is that the
electron channels of MEPED only supply integral ﬂux. Additionally, measurements are taken near the bottom
ofmagnetic ﬁeld lines, and the electron ﬂux sampled is consequently of lowequatorial pitch angle. If the POES
MEPED data set could be used to determine the diﬀerential ﬂux at a number of seed population energies,
for equatorial pitch angles close to 90∘, it could provide detailed information of the seed population prior to
the Van Allen Probes mission (September 2012) and form event-speciﬁc low-energy boundary conditions for
radiation belt models when MagEIS data are unavailable.
In this paperwe provide amethod to determine the diﬀerential electron ﬂux for energiesmainly in the 100- to
600-keV range, at a 90∘ equatorial pitch angle, frommeasurements taken by the integral electron channels of
MEPED onboard the POES satellites at low Earth orbit. Such a task has twomain challenges, the ﬁrst of which
involves inferring the state of the energetic electron component of the radiationbelts using the lowequatorial
pitch angle datameasuredby thePOES satellites. In section 3wepresent amethod to convert the electronﬂux
from the POES satellites to omnidirectional ﬂux, using statistical pitch angle distributions determined from
Van Allen Probes measurements. The second main challenge involves using integral ﬂux measurements to
deduce the electron ﬂux at a number of seed population energies. Two diﬀerent methods are explored here,
the ﬁrst of which uses data from the AE9model, discussed in section 4.1, and the second employs an iterative
approach based on what is referred to as a Reverse Monte Carlo (RMC) method (McGreevy, 2001), discussed
in section 4.2. The omnidirectional ﬂux for a range of energy values are ﬁnally converted to directional 90∘
ﬂux, using the technique presented in section 5. In order to validate the results, we compare the outputs at
various energies (100–600 keV) to observations from the Van Allen Probes, the results of which are given in
section 6. It is suggested that the methods presented in this paper could be used to formulate event-speciﬁc
minimum-energy boundary conditions for radiation belt models, using MEPED ﬂux measurements, in order
to better study times, or L* values, outside the Van Allen Probesmission. We investigate this idea in sections 7
and 8. Finally, successes and drawbacks of the method are discussed and conclusions presented in sections 9
and 10, respectively.
2. POES Satellites
The polar orbiting POES constellation operates at an altitude of∼850 kmwith a∼98.5∘ inclination. Each satel-
lite transits the Earth ∼14 times a day, with an orbital period of ∼100 min. As a result of the high-inclination
orbit, an L* range spanning from L* < 1.3 to L* > 8.5 can be sampled, dependent on activity, providing a
cross section of the radiation belts every ∼25 min. Each POES satellite is Sun-synchronous and operates over
a limited range of MLT. In this study data frommultiple POES spacecrafts have been combined, yielding rapid
observations of the radiation belt region acrossmultipleMLT planes, an important consideration for electrons
at seed population energies (Allison et al., 2017).
Since the launch of NOAA15, the POES satellites have carried the SEM-2 suite, which includes the MEPED
instrument. The MEPED instruments on each satellite were built at the same time and cross-calibrated before
being deployed. Furthermore, the instruments undergo a weekly in-ﬂight calibration procedure, detailed in
Evans and Greer (2004). As discussed in section 1, MEPEDmeasures integral electron ﬂux data in three energy
channels: >30, >100, and >300 keV, all with an upper-energy limit of 2.5 MeV (Evans & Greer, 2004). MEPED
contains two solid state detector telescopes, T0 and T90, mounted in perpendicular orientations, both with a
±15∘ viewing angle. The ﬁeld-of-view center axis of T0 is rotated 9∘ from the zenith, while the other telescope,
T90, is aligned so that the center of the ﬁeld of view is 9∘ from the direction antiparallel to the spacecraft’s
velocity. The T0 telescope generally samples precipitating electrons in the bounce loss cone (Rodger, Clilverd,
et al., 2010) while T90 generally observes a mix of trapped, drift loss cone, and bounce loss cone electrons for
much of the radiation belt region (Rodger, Carson, et al., 2010). Following the approach outlined by Rodger,
Carson, et al. (2010), we use the International Geomagnetic Reference Field model (Thébault et al., 2015) for
mid-2011 to determine the angular width of the loss cone and hence the electron populations sampled by
the T90 telescope of MEPED. By considering the±15∘ of the telescope, Figure 1 shows the fraction of the T90
telescope ﬁeld of view that sampled trapped electrons at each location for NOAA15 data from 2011. Due to
ALLISON ET AL. 9575
Journal of Geophysical Research: Space Physics 10.1029/2018JA025786
Figure 1.World map showing the fraction of the T90 telescope ±15∘ viewing angle observing trapped electrons for
2011 NOAA15 data.
signiﬁcant diﬀerence in the pitch angles viewed, highlighted by Rodger, Carson, et al. (2010), northward and
southward going orbits have been considered separately.
Rodger, Carson, et al. (2010) suggested thatwhen trappedelectrons are observedby T90, thiswill largely dom-
inate the measurement. Since the directionality is introduced to the measurement by assuming an isotropic
incident ﬂux (Yando et al., 2011), if the trapped population is observed for only a fraction of the look direc-
tion and largely dominates the reading, this assumption will result in an underestimation of the electron ﬂux.
From considering averaged electron ﬂux values, when the T90 detector entirely viewed the trapped electron
population, we see that the ﬂux can be approximately a factor of 4 larger than when no trapped electrons
are observed. Here we have ignored measurements where less than 20% of the ﬁeld of view responded to
trapped electron ﬂux and used fcorrected = fmeasured∕(0.75𝜏 + 0.25) to approximately correct for when only a
fraction of the detector, 𝜏 , observed the trapped population.
The ﬁrst POES satellite carrying the SEM-2 detectorwasNOAA15, launched in 1998, and the last and ﬁnal POES
satellite tobedeployedwasNOAA19, launched in 2009. ThePOES serieswas succeededby theMeteorological
Operational (MetOp) satellites, owned by the European Space Agency and operated by the European Organi-
sation for the Exploitation ofMeteorological Satellites (EUMETSAT). To date, twoMetOp satellites are currently
operational, MetOp-A and MetOp-B, and an additional MetOp satellite (MetOp-C) is still to be launched. The
MetOp satellites operate at a similar altitude and orbital inclination to the original POES satellites. Further-
more, for data continuity, MetOp satellites also carry the same SEM-2 instrument as the POES ﬂeet. As a result,
the methods described in this paper may also be applied to the MetOp MEPED data. Ultimately, using the
describedmethods on theMetOp data could be used to provide detailed information on the seed population
once the Van Allen Probes are no longer operational. For the remainder of the paper no distinction is made
between POES and MetOp satellites and the term POES satellitesmay refer to either.
All electronﬂux valuesmeasuredby thePOES satellites usedherehavebeen corrected for ring current protons
using the bow tie method described by Lam et al. (2010). During solar energetic proton events, the electron
channels of MEPED may be contaminated by proton ﬂux and the electron ﬂux measurements taken during
such periods are unlikely to result in representative levels of the seed population. Data collected during solar
energetic proton times, deﬁnedaswhen the level of the>10-MeVprotonﬂuxmeasuredby theEnergetic Parti-
cle Sensor on board theGeostationaryOperational Environmental Satellites (GOES) 10 andGOES 13 exceeded
10 cm−2⋅s−1⋅sr−1, were omitted from the study. The L* values for the POES data used in this study have been
calculated using International Geomagnetic Reference Field and the T96 external ﬁeld (Tsyganenko, 1995).
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3. Convert to Omnidirectional Flux
Theelectronﬂux at aparticular timeand location in themagnetosphere typically dependsonbothenergy and
pitch angle (Gannon et al., 2007; Horne et al., 2003; Ni et al., 2015; Shi et al., 2016). We have assumed that the
integral ﬂux is conservedalong theﬁeld line, so the local∼90∘ ﬂuxmeasuredby thePOES satellites at lowEarth
orbit are therefore equivalent to the ﬂux of electrons at a smaller equatorial pitch angle given by conservation
of the ﬁrst adiabatic invariant. In eﬀect, we have assumed that the POES integral ﬂux measurement can be
mapped down the ﬁeld line to describe the electron ﬂux at a small equatorial pitch angle. Following this,
the omnidirectional ﬂux can then be calculated from the POES measurement by considering an appropriate
equatorial pitch angle distribution and integrating over all pitch angles. This is required particularly for the
integral to diﬀerential ﬂux conversion using the AE9model ﬂux energy distributions, detailed in the following
section, as the AE9 model returns omnidirectional ﬂux (Ginet et al., 2013).
Previous work has sometimes assumed that the electron ﬂux, j, at energy, E, has a pitch angle distribution of
j(E, 𝛼) = j(E, 90∘) sinn(E) 𝛼 (Gannon et al., 2007; Vampola, 1997). Typically, as electron ﬂux distributions gen-
erally decrease with increasing energy (Cayton et al., 1989), integral ﬂux measurements are dominated by
electrons with energies just above the lower cutoﬀ. Assuming that at a particular location n(E) changes rel-
atively slowly with energy in comparison to the decrease in electron ﬂux, then for the electron energies that
dominate the integral ﬂuxmeasurement, n(E) is relatively constant. Hence, we have assumed that the integral
electron ﬂux greater than energy threshold ET at equatorial pitch angle 𝛼 can be approximated by
F(E> ET , 𝛼) = F(E> ET , 90∘) sinN(ET ) 𝛼. (1)
where the energy-dependentn(E)parameter has been replacedwithN(ET ), a shapeparameter for the integral
ﬂux that depends instead on the lower-energy threshold, ET . The variable F(E> ET , 90∘) is the integral ﬂux of
electrons with energies greater than ET at an equatorial pitch angle of 90
∘. By integrating equation (1) over all
solid angle, the omnidirectional integral electron ﬂux can be obtained:
F(E> ET ) = 2𝜋F(E> ET , 90∘)∫
𝜋
0
sinN(ET )+1 𝛼 d𝛼. (2)
Evaluating the integral of equation (2) and substituting in equation (1) for F(E> ET , 90∘) we obtain an expres-
sion for the omnidirectional integral ﬂux of electrons with energies greater than ET , given the integral ﬂux
measurement at pitch angle 𝛼
F(E> ET ) = 2𝜋
F(E> ET , 𝛼)
sinN(ET ) 𝛼
√
𝜋Γ(1 + N(ET )
2
)
Γ( 3+N(ET )
2
)
(3)
where Γ refers to the gamma function.
The MEPED instrument on board the POES satellites supplies >30-, >100-, and >300-keV electron ﬂux mea-
surements. To convert each of these three ﬂux readings to omnidirectional ﬂux using equation (3), the
parameters N(>30 keV), N(>100 keV), and N(>300 keV) were required. Shi et al. (2016) had previously found
the n(E) values for the diﬀerential ﬂux of electrons with energies varying from 100 keV to 1MeV usingMagEIS
data.We instead requireN(ET ) values to describe the pitch angle distributions of the integral ﬂuxmeasured by
the electron channels of the MEPED detector. The level 3 data from the MagEIS instruments onboard the Van
Allen Probes provide high-resolution electron ﬂuxmeasurements over the energy range∼30 keV to 4MeV, in
11 pitch angle bins. For each pitch angle bin, we interpolated the MagEIS data to the lower-energy threshold
of each POES electron channel. TheMagEIS electron ﬂuxmeasurements between the lower-threshold energy
and 2.5MeVwere then integrated to provide the>30-,>100-, and>300-keV electron ﬂux for each pitch angle
bin. The centroid of the pitch angle bins weremapped to the equator to give the equatorial pitch angle of the
MagEIS integral ﬂux.
Background-corrected MagEIS data from 1 January 2013 till 31 May 2016 were used to calculate the >30-,
>100-, and >300-keV ﬂux for a range of equatorial pitch angles. The integral ﬂux data were sorted into bins
of width 0.2L* with centroids between L* = 1.5 and 5.7, by equatorial pitch angle with a resolution of 2∘, and
by three levels of activity deﬁned by the Kp index (Kp < 2, 2 ≤ Kp < 4, and Kp ≥ 4). The parameter L* for the
MagEIS data was calculated using the International Geomagnetic Reference Field and the T89 external ﬁeld
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Figure 2. A comparison of (a) ﬁtting equation (1) (red line) to the Magnetic Election Ion Spectrometer >100-keV pitch
angle distribution at L* = 3.3, Kp < 2 (black plus symbols) and (b) instead ﬁtting equation (4) (red line).
(Tsyganenko, 1989). For each bin that contained more than 20 values, the mean was evaluated, giving the
average equatorial pitch angle distribution of the electron ﬂux for each activity and L*. Equation (1) was then
ﬁtted to the data using a nonlinear least squares ﬁt.
At L* values that generally relate to the outer edge of the inner belt, equation (1) did not always provide a
goodﬁt to the observations. Figure 2a shows how the average>100-keV ﬂux (Kp< 2 and L*= 3.3 bin) changes
with equatorial pitch angle (black plus symbols). Overplotted is the result of ﬁtting equation (1) to the data
(red line). It is clear that for pitch angles away from 90∘, the ﬁt may signiﬁcantly underestimate the electron
ﬂux. For some activities and L* values we instead assume the following form for the equatorial pitch angle
distribution:
F(E> ET , 𝛼) = A0F(E> ET , 90∘) sinN1(ET ) 𝛼 + (1 − A0)F(E> ET , 90∘) sinN2(ET ) 𝛼 (4)
where A0 is a parameter in the range 0 < A0 ≤ 1 and we have two shape parameters, N1(ET ) and N2(ET ).
Figure 2b shows the result of applying this new distribution to the average >100-keV data. For 𝛼 ≤ 20∘ and
𝛼 ≥ 160∘ the ﬁt is now closer to the observations, having reduced the diﬀerence by an order of magnitude
or more.
The shape of the pitch angle distribution shown in Figure 2 is most likely due to the eﬀect of hiss waves on
the electrons. Lyons et al. (1972) showed that within the slot region, the pitch angle diﬀusion coeﬃcient can
show a minimum with respect to pitch angle as regions of signiﬁcant diﬀusion by cyclotron resonances and
by the Landau resonance are separated in pitch angle. In the slot region, Meredith et al. (2009) also showed
similar deep minima in the pitch angle diﬀusion coeﬃcients calculated by the PADIE code (Pitch Angle and
energy Diﬀusion of Ions and Electrons; Glauert & Horne, 2005), using wave observations from two satellites.
A signiﬁcant reduction in the total diﬀusion rate for pitch angles between the eﬀective range of the Landau
and cyclotron resonances results in hiss waves primarily scattering electrons with pitch angles away from 90∘.
The population near 90∘ is scattered at a much slower rate, producing an equatorial pitch angle distribution
that is mostly ﬂat, with a sharp peak around 90∘. Zhao et al. (2014a) has previously presented observations of
the pitch angle distributions of 460-keV diﬀerential electron ﬂux that showed a similar form to those seen in
Figure 2. They referred to these pitch angle distributions as having a cap form.
Examples of the average equatorial pitch angle distributions derived from MagEIS data for two L* bins, L* =
3.1 and L*= 4.9, are shown in Figure 3. Depending on which best suited the observations, either equation (1)
or (4) was ﬁtted to the data. For all activity levels and energies in the L* = 3.1 bin, equation (4) was ﬁtted to
the data. For L* = 4.9, equation (1) was ﬁtted to the data. The N shape parameters for each ﬁt are given in the
bottom left-hand corner of each panel. When the single sine function was appropriate, these values can be
used in equation (3) with the POES observations to give the omnidirectional ﬂux. For pitch angle distributions
where equation (4) was instead ﬁtted to the MagEIS data, the omnidirectional ﬂux is given by
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Figure 3. Examples of ﬁtting either equation (1) or (4) to the Magnetic Election Ion Spectrometer data (black plus
symbols) for L* = 3.1 and L* = 4.9.
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Figure 4. N value parameters found from Van Allen Probes measurements across a range of L* values for >30-, >100-,
and >300-keV electrons at three levels of Kp. L* values where equation (4) was used in place of equation (1) are shaped
in gray.
F(E> E0) = 2𝜋F(E> E0, 90o)
⎛⎜⎜⎝
A0
√
𝜋Γ( N1(E0)
2
+ 1)
Γ( 3+N1(E0)
2
)
+ (1 − A0)
√
𝜋Γ( N2(E0)
2
+ 1)
Γ( 3+N2(E0)
2
)
⎞⎟⎟⎠
(5)
where all parameters are as previously deﬁned and F(E> E0,90∘) can be found from equation (4).
The N values obtained by ﬁtting equation (1) to the average pitch angle distributions for >30-, >100-,
>300-keV electrons are plotted against L* in Figure 4. The gray regions highlight L* values where the double
sinN 𝛼 distribution (equation (4)) was used for the ﬁtting in place of equation (1) and, for these L* values, the
two resulting N values are instead plotted. The N(ET ) values decrease with L* for L* ≤ 2.5, then follow a form
best described using equation (4) out to L* ∼ 4, and ﬁnally ﬂatten out at N ∼ 0.5. The last L* bin shown in
Figure 4 is L*= 5.7.WhileMagEIS datawas available at larger L*, therewere fewer ﬂuxmeasurements for these
L* values, particularly for Kp > 4. For this reason we did not use the MagEIS data to calculate the N(ET ) values
for L*> 5.7. However, as the N(ET ) values showed little variation with L* beyond L*∼ 5, one might expect the
N(ET ) parameters to also remain at a similar level for larger L*.
By using either equation (3) or (5) and theN(ET ) values given in Figure 4 the POES integral ﬂuxmeasurements
taken at low Earth orbit, mapped to small equatorial pitch angles, were converted to omnidirectional ﬂux.
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4. Integral to Diﬀerential Flux Conversion
Previous work has made use of a variety of methods to infer the diﬀerential ﬂux from integral measure-
ments. Singular Value Decomposition (Höcker & Kartvelishvili, 1996) was used to calculate particle ﬂux at a
high-energy resolution from the integral count ratesmeasured by the Standard Radiation EnvironmentMoni-
tor (Sandberg et al., 2012). As part of a technique to remove proton contamination from the electron channels
of MEPED, an inversion method was used to estimate the diﬀerential electron ﬂux of the precipitating POES
data (T0 detector; Peck et al., 2015). The spectral shape used in the method presented by Peck et al. (2015)
was calculated using a combination of exponential, power law, single relativistic Maxwellian, and a double
relativistic Maxwellian. In addition, past work has also used integral ﬂux to derive boundary conditions for
radiation belt models. GOES integral electron ﬂux data were used to formulate boundary conditions for the
VERB-3D radiation belt model in order to study the September 2012 storm (Shprits et al., 2013). Here we
present twonovelmethods to convert from integral electron ﬂux to diﬀerential ﬂux across a range of energies,
with focus on 100- to 600-keV electrons.
4.1. Method One: Using Distributions From the AE9 Model
AE9 is a recently developed standard design model of radiation belt ﬂux levels for the purposes of space-
craft engineering. The development and features of AE9 are detailed by Ginet et al. (2013). The AE9 model
was formed using measurements made by particle detectors onboard 33 satellites in a variety of orbits,
comprehensively cross-calibrated. By making use of this extensive database, AE9 is capable of returning the
omnidirectional electron ﬂux energy proﬁle averagedover a chosenorbit, givingboth integral anddiﬀerential
ﬂux, making it a powerful tool for spacecraft design. The electron ﬂux corresponding to various percentiles,
ranging from the 2nd to the 98th, can be selected.
Using version 1.3 of the AE9 model, we extracted the distribution of omnidirectional integral ﬂux against
lower-threshold energy and the proﬁle of omnidirectional diﬀerential ﬂux against energy for percentiles rang-
ing from the 2nd to the 98th, at each radii considered. Circular orbits at the equator were used, with radii
ranging from1.5 RE to 8 RE in steps of 0.25 RE. An example of both the integral anddiﬀerential ﬂuxdistributions
at a distance of 4 RE are shown in Figures 5a and 5b respectively; various colors relate to diﬀerent percentiles.
Panels c and d show the AE9 model ﬂux energy proﬁles relating to the 50th percentile of the integral and
diﬀerential ﬂux for orbits of varying radii.
In thegeomagnetic ﬁeld, the L* parameter does not directly relate to a radial distance at themagnetic equator.
However,weassume that theﬂuxenergyproﬁle for aparticular L* valuemaybe largelydescribedbyoneof the
distributions averagedover a circular orbitwith a radiusR in the range (L*−1)≤ R (RE)≤ (L*+1). For eachPOES
electron ﬂux measurement, we found AE9 average ﬂux proﬁles relating to 9 distances in the (L*-1) ≤ R (RE)≤ (L*+1) range, at intervals of 0.25 RE. For each of the resulting nine circular orbits, a ﬂux energy distribution
was given for each integer percentile value spanning from the 2nd to the 98th. The omnidirectional>100-keV
POES ﬂux value was then compared to the >100-keV AE9 ﬂux values to ﬁnd the percentile at each of the
nine distances closest to the>100-keV observation. The percentiles with values for the>100-keV ﬂux that lay
immediately either side of the POES observationwere interpolated to give an integral ﬂux energy distribution
that passed through the omnidirectional value of the>100-keV POES ﬂux. The same scaling was also applied
to the equivalent diﬀerential ﬂux distributions.
After comparing the >100-keV ﬂux to the various AE9 ﬂux energy proﬁles, we are left with nine integral ﬂux
energy distributions, each passing through the POES value of the omnidirectional>100-keV ﬂux andnine cor-
responding diﬀerential ﬂux distributions. Each integral and diﬀerential ﬂux energy distribution pair relates to
one of the distances in the speciﬁed range. By comparing the >300-keV omnidirectional ﬂux obtained from
the POES satellite measurement to the >300-keV ﬂux from the remaining integral ﬂux proﬁles, we identiﬁed
the AE9 distribution closest to observations. This integral ﬂux distribution was extracted, as was the corre-
sponding diﬀerential ﬂux proﬁle. For integral ﬂux values with a lower-threshold energy greater than 300 keV,
a scaling factor was applied to the ﬁnal integral ﬂux distribution so that the>300-keV ﬂux passed through the
observed value. The same scaling factor was applied to the extracted diﬀerential ﬂux distribution for energies
greater than 300 keV.
The ﬁnal diﬀerential ﬂux proﬁle was assumed to describe the ﬂux energy distribution at the POES measure-
ment time. Repeating the above process for all timeswhere the POES satellite observed trapped ﬂux returned
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Figure 5. Flux energy distributions from the AE9 model. The integral electron ﬂux against the lower-energy threshold
(a) and diﬀerential ﬂux against energy (b) are shown for a circular satellite orbit at the magnetic equator with a radius of
4 RE. For panels (a) and (b) the black line shows the AE9 data equating to the 10th percentile, blue shows the 30th
percentile, green shows the 50th, yellow the 70th, and red the 90th. The integral (c) and diﬀerential ﬂux (d) relating to
the 50th percentile are shown for circular orbits of various radii. In panels (c) and (d) the black line shows the AE9 data
for an orbit radius of 2 RE, blue for 3 RE, green for 4 RE, yellow for 5 RE, orange for 6 RE, and red for 7 RE.
an estimate of the omnidirectional diﬀerential ﬂux for the period. The energy values for the diﬀerential
electron ﬂux equate to the energies requested from AE9 model, which can be as low as 40 keV.
4.2. Method Two: Using an Iterative Fit
Using the integral ﬂux values, we applied an iterative approach, based on a RMCmethod (McGreevy & Pusztai,
1988), to recreate the diﬀerential ﬂux distribution. The iterative method employs a simple basic process. An
initial ﬂux energy distribution was set and 𝜒2 calculated:
𝜒
2 =
3∑
n=1
(log10(fcalc(E> En)) − log10(fobs(E> En)))2
𝜎2err
(6)
where fcalc(E> En) deﬁnes the integral ﬂux values calculated from the initial ﬂux energy distribution for >30-,
>100-, and>300-keV electrons and fobs(E> En) are the corresponding POES observations. As the ﬂux at diﬀer-
ent energies may vary by several orders of magnitude, we perform the iterative calculation in log space. The
parameter 𝜎err is the error margin on the logarithm of the observed integral ﬂux measurements. One of the
ﬂux values in the ﬂux energy distribution was then randomly selected and the logarithm of the ﬂux moved
up or down by a random value of up to 0.1. Following the move, 𝜒2 was recalculated, and if the value was
smaller than the previous 𝜒2, the move was accepted. If the new 𝜒2 was larger than the previous value then
the move was accepted with a probability following the normal distribution. The process was repeated iter-
atively, and the outcome is a diﬀerential ﬂux energy distribution which, when integrated, should reproduce
the POES measurements to within the error margin.
Several distribution shapes may return the observed integral ﬂux values. Ideally, we require additional mea-
surements to direct the result toward the actual distribution. In the absence of extra measurements, we
applied the constraint that the ﬂuxmust fall with increasing energy. This assumptionwas alsomade in section
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3 and is generally reasonable as electron ﬂux distributions typically decreasewith energy (Cayton et al., 1989).
The energy spacing between ﬂux values should be constant so that during the random selection stage, the
ﬂux at each energy has an equal probability of being selected. To avoid having too many ﬂux values, which
would act to slow the iterative progression down,while still retaining a ﬁne energy resolution at the seed pop-
ulation energies of interest, we assumed that above 1.2MeV, the electron ﬂux contributed little to the integral
ﬂux measurements and could be negated without considerable impact to the result. Following this, we then
considered the integral ﬂux values to have an upper-energy threshold of 1.2 MeV instead of the 2.5 MeV of
the POES electron channels (Evans & Greer, 2004).
Initially, 118 ﬂux values were set for energies ranging from 30 keV to 1.2 MeV, obeying the following form
for 30 keV ≤ E < 600 keV:
log10(f (E)) = A −
(A − B)(E − 30)
(600 − 30)
(7)
for 600 keV ≤ E < 1.2 MeV:
log10(f (E)) = B −
(B − C)(E − 600)
(1200 − 600)
(8)
where f (E) is the omnidirectional electron diﬀerential ﬂux, E the electron energy in keV, A = log10(f (30 keV)),
B = log10(f (600 keV)), and C = log10(f (1.2 MeV)). The electron ﬂux at 30 keV was estimated using the POES
>30- and >100-keV measurements, assuming a constant ﬂux between 30 and 100 keV. Likewise, the elec-
tron ﬂux at 600 keV was estimated using the POES>300-keVmeasurement by assuming a constant ﬂux from
300 keV to 1.2MeV. As the electron ﬂux at 1.2 MeV is likely signiﬁcantly lower than the ﬂux at 600 keV, we sub-
tract 1.5 from the logarithm of the estimated 600-keV ﬂux as a ﬁrst estimate for C. The distribution resulting
from equations (7) and (8) was then used as the initial ﬂux energy proﬁle in the iterative RMC style method.
For the 𝜒2 calculation given by equation (6) we required a value for 𝜎err, the error value on the logarithm
of the omnidirectional POES ﬂux measurement. Sources of error include uncertainties in the instrument cor-
rection factors, Poisson noise in the count data, as well as errors incurred from the bow tie correction (Lam
et al., 2010). Further errors are also introduced when converting to omnidirectional ﬂux: by the pitch angle
distributions assumed and the parameterization by Kp. Considering the above, we adopted a 40% error in the
POESmeasurement values, which yields a 𝜎err of approximately 0.2. It should be noted that assuming a larger
measurement error of 50% (where 𝜎err ∼0.24) did not notably impact the resulting spectra.
The described iterativemethodwas applied to POES omnidirectional integral electron ﬂux data for eachmea-
surement time. The result was an estimate of the omnidirectional diﬀerential ﬂux, at energies between 30 keV
and 1.2 MeV in 10-keV increments.
5. Conversion to 90∘ Electron Flux
Following the application of one of the methods described in section 4.1 or 4.2, the POES electron ﬂux data
have been used to estimate the omnidirectional electron ﬂux at a number of energy values. As a ﬁnal step, the
omnidirectional electron ﬂux was converted back to directional ﬂux by assuming a pitch angle distribution at
each energy, E, that obeys either a
j(E, 𝛼) = j(E, 90∘) sinn(E) 𝛼 (9)
or
j(E, 𝛼) = A0j(E, 90∘) sinn1(E) 𝛼 + (1 − A0)j(E, 90∘) sinn2(E) 𝛼 (10)
distribution in pitch angle. The shape parameter, n(E), for the pitch angle distribution of diﬀerential ﬂux (as
opposed to N(ET ) for integral ﬂux) is dependent on both the electron energy and the L* of the measurement.
Shi et al. (2016) hadpreviously evaluated then(E) shapeparameters for diﬀerential electronﬂuxusing the level
3MagEISdata andassuming thedistributiongivenbyequation (9). Herewehavebinned theelectronﬂuxdata
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Figure 6. The n(E) value shape parameters found from Magnetic Election Ion Spectrometer diﬀerential ﬂux measurements across a range of L* values for 100-,
200-, 300-, 500-, and 800-keV electrons at three levels of Kp. L* values, where a double sine function was ﬁtted instead of a single sine function, are shaped in gray.
by L* insteadof the Lusedby Shi et al. (2016),making the conversion todirectional ﬂux consistentwith the rest
of the study. Additionally, when considering integral ﬂux, we identiﬁed that a single sine distribution was not
always an appropriate ﬁt to the data (Figure 2). This wasmirrored by the diﬀerential ﬂux equatorial pitch angle
distributions, again for L* values relating to the outer edge of the inner belt. Zhao et al. (2014a) also found
diﬀerential ﬂux pitch distributions with a sharp peak near 90∘, referred to as cap pitch angle distributions in
their study. In this work we build on the study by Shi et al. (2016) by forming L*-dependent n(E) values and
ﬁtting equation (10), a double sine function, when the single sine form did not oﬀer a good ﬁt to the data.
Background-corrected level 3 MagEIS data were interpolated to 100, 200, 300, 500, and 800 keV, then, as in
section 3, binned by Kp, L*, and equatorial pitch angle. The binned data were averaged to form statistical
equatorial pitch angle distributions for the diﬀerential ﬂux at the listed ﬁve energies, for L* bins with centroids
ranging from L* = 1.5 to 5.7 in steps of 0.2L*, and at three levels of the activity index Kp. A single or double
sine distribution was then ﬁtted to the average distributions to determine appropriate n(E) parameters for
each L* bin, energy, and activity level.
By integrating equation (9) over all solid angleweobtain anexpression similar to equation (3), and rearranging
for the 90∘ electron ﬂux gives
j(E, 90∘) =
j(E)
2𝜋
Γ( 3+n(E)
2
)√
𝜋Γ(1 + n(E)
2
)
(11)
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where, as in equation (3), Γ denotes the gamma function. Likewise, integrating equation (10) gives the
following expression for the diﬀerential ﬂux of 90∘ electrons:
j(E, 90∘) =
j(E)
2𝜋
⎡⎢⎢⎣
A0
√
𝜋Γ(1 + n1(E)
2
)
Γ( 3+n1(E)
2
)
+ (1 − A0)
√
𝜋Γ(1 + n2(E)
2
)
Γ( 3+n2(E)
2
)
⎤⎥⎥⎦
−1
(12)
The n(E) values found from ﬁtting either equation (9) or (10) to the average pitch angle distribution for dif-
ferential ﬂux are shown in Figure 6. The gray regions show where equation (10) has been ﬁtted. For 100- and
200-keV electrons, in particular, the n1 values obtained from ﬁtting equation (10) to the pitch angle distribu-
tion rose continually with increasing L*. The rise in n1 was paired with a reduction in the A0 parameter with
increasing L* (not shown). This implies that as the peak around 90∘ narrowed with increasing L* the height
reduced. Eventually, the peak around 90∘ became indistinguishable from the rest of the pitch angle distribu-
tion, and a single sine formwas again appropriate. The n(E) values shown in Figure 6were used in accordance
with equation (11) or (12) to determine the electron ﬂux energy distribution at an equatorial pitch angle of
90∘. Note that,with a slight alteration, equations (11) and (12)may also beused to convert the omnidirectional
ﬂux to equatorial pitch angles other than 90∘, although for simplicity, only the results achieved for equatorial
pitch angles of 90∘ are compared to Van Allen Probes data in the following validation section.
6. Validation
To test the methods presented in the previous sections, we compared the diﬀerential 90∘ ﬂux obtained from
POES data to background-corrected electron ﬂux measurements from the MagEIS instruments onboard Van
Allen Probe A. The Van Allen Probes operate near the magnetic equatorial plane, providing observations of
the radiation belts. Figure 7 shows the measured 90∘ pitch angle electron ﬂux for the month of June in 2013
from eight MagEIS energy channels, ranging between 54 and 742 keV. Data from Probe A were sorted into
three L* bins centered on L*= 5.5, 4.5, and 3.5, each ofwidth L*= 0.1. For reference, both theAE andKp indices
are also shown in the bottom panel of Figure 7. It is worth noting that although the Van Allen Probes operate
near the magnetic equator, the 90∘ local pitch angle channel may not always relate to a 90∘ equatorial pitch
angle. However, for the purpose of the following comparison, equivalence is assumed as diﬀerences are likely
to be minor.
For several periods during June 2013, the electron ﬂux at higher energies exceeded that at lower energies and
the ﬂux energy distribution displayed a region of positive gradient. If themeasured ﬂux from two consecutive
MagEIS energy channels showed an increase with energy, then Figure 7 was shaded in gray. Reeves et al.
(2016) ﬁrst observed a minimum in ﬂux as a function of energy, seen during March 2013, at the inner edge
of the outer radiation belt. At this location, electron ﬂux distributions showed a minimum at energies of a
few hundred kiloelectronvolts during quiet time conditions. Occurrences of the so-called S-shaped energy
structure of the outer radiation belt have since been attributed to the combination of radial transport and
wave-particle interactions with plasmaspheric hiss (Ripoll et al., 2016, 2017). Figure 7 shows that the 593-
and 742-keV electron ﬂux exceed the ﬂux of lower-energy electrons at all three L* values shown, but most
commonly at L* = 4.5. In agreement with the ﬁndings of Reeves et al. (2016), this typically occurred during
quiet periods.
Flux energy distributions that do not fall with increasing energy violate the assumptions made in sections 3
and 4.2. Additionally, electron ﬂux distributions that display aminimumaround several hundred kiloelectron-
volts are not returned by the AE9model and so cannot be obtained from themethod presented in section 4.1.
As a result, during periods when the S-shaped energy structure of the outer radiation belt arises, we would
not expect either method presented in this paper to produce realistic 90∘ diﬀerential electron ﬂux. We there-
fore have omitted these periods from the validation. The issue of the outer radiation belt S-shaped energy
structure is discussed further in the following section.
To compare the output of either method 1 ormethod 2 to the electron ﬂux level observed by Van Allen Probe
A, we have produced the scatter plots shown in Figure 8. Six months of data from 2013, ranging from 1 April
to 30 September, covering the entire summer season has been used for the validation. During the 6-month
period, four POES satellites and one MetOp satellite were operational: NOAA15, NOAA16, NOAA18, NOAA19,
and METOP02. The integral electron ﬂux data from each of these satellites was converted into diﬀerential
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Figure 7. Electron ﬂux measured by the Van Allen Probes during June 2013 for L* = 5.5, 4.5, and 3.5. The Kp and AE
index for the period is also shown. Grayed sections indicate where the ﬂux of higher-energy electrons has exceeded that
of lower-energy electrons.
ﬂux, then sorted into six L* bins centered on L* = 5.5, 5.0, 4.5, 4.0, 3.5, and 3.0, each of width L* = 0.1. Van
Allen Probe A data shown in Figure 7 was sorted by L* in the same manner. For each L* value, the resulting
diﬀerential ﬂux from the ﬁve POES satellites were interleaved, providing the electron ﬂux along an L* cut at
a much higher high time resolution than can be obtained from the Van Allen Probes. As the intention is to
ultimately compare the converted ﬂux value to that observed by the MagEIS instrument, 2-hr averages were
produced from the POES ﬂux data and these averages interpolated to the Van Allen Probe data times. The
MagEIS energy channels were interpolated to regular energies ranging from100 to 600 keV in spacings of 100
keV. We then plotted the 90∘ electron ﬂux derived from the POES data against the MagEIS ﬂux at the same
L*, energy, and time, as shown in Figures 8a and 8c, with points color coded by electron energy. Figure 8a
compares the ﬂux resulting frommethod 1 toMagEIS data while Figure 8b compares the ﬂux frommethod 2.
A perfect recreation of the Van Allen Probes datawould produce a straight linewith a gradient of 1. Figures 8a
and 8b show a clear positive correlation and a spread that is primarily conﬁned within an order of magnitude
of the Van Allen Probes observation. However, there is a tendency for the diﬀerential 90∘ ﬂux obtained from
POESdata, via eithermethod, to be lower than the observed value, particularly for 500- and 600-keV electrons.
To further aid analysis, the average ratios between the Van Allen Probe A MagEIS observations and the
90∘ electron ﬂux retrieved from POES measurements were calculated for L* values ranging from 3.0 to 5.5.
Figure 8c shows these ratios for the 90∘ electron ﬂux formed by applying method 1 to the POES data. Diﬀer-
ent colored lines relate to the energies listed in panel a, and a dashed line marks the ratio value of 1. For L*
⪆ 3.7, the average ratios resulting from method 1 were less than a factor of 4 for all energies in the 100- to
600-keV range. Additionally, the average ratios remained relatively constant with L* for each electron energy
and typically increased with energy. For L* ⪅ 3.7, larger diﬀerences between the MagEIS measurements and
the POESmethod 1 converted ﬂuxwere observed. The ratios displayedmore variability with changing L* and,
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Figure 8. Comparing both conversion methods to Van Allen Probes data. (a) Scatter plot between the electron ﬂux at
various energies derived from the Polar Operational Environmental Satellites (POES) data using method 1 and that
observed by the Van Allen Probes MagEIS instruments. (b) Same as panel (a) but for POES ﬂux values obtained using
method 2. (c) Ratio of MagEIS ﬂux to POES ﬂux values from method 1 for a range of L* values. (d) Same as panel (c) but
for method 2. MagEIS = Magnetic Election Ion Spectrometer.
in particular, the diﬀerence between the 100-keVMagEIS ﬂux and the 100-keV converted POES ﬂux increased
notably. In this L* range, the average ratio values no longer rose with increasing energy.
Figure 8d shows that, generally, diﬀerences between the output of methods 1 and 2 were minor. Again for L*
⪆ 3.7, the average ratios for the considered energieswere less than a factor of 4 and remained fairly consistent
with L*. However, a notable variation between methods 1 and 2 is that for L* ⪅ 3.7 the average ratio values
for the 600-keV ﬂux from method 2 (blue line, panel d) are lower than seen for method 1 (blue line, panel c),
suggesting the larger ratios for the 600-keV ﬂux frommethod 1 in this L* range originate from the form of the
diﬀerential ﬂux spectra assumed using the AE9 distributions. Conversely, the increased ratios for the 100- and
300-keV ﬂux for L*⪅ 3.7 are seen in the results ofmethod 2 aswell asmethod 1, indicative that the diﬀerences
between the POES and MagEIS observations here are unlikely to be a result of the integral to diﬀerential ﬂux
conversion andmay stem from a greater variability in the pitch angle distributions for these energies than has
been captured by the three levels of Kp, used in section 5.
In general, Figure 8 illustrates an agreement between the POES converted ﬂux and Van Allen Probes observa-
tions that is typically within a factor of 4 for most energy and L* values.
7. Using the POES Data to Form a Low-Energy Boundary Condition
Previous work has shown the importance of a realistic seed population in accurately recreating radiation belt
dynamics (Tu et al., 2014). However, in the absence of Van Allen Probes data, the level of the seed population
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Figure 9. Comparison of the Van Allen Probes Magnetic Election Ion Spectrometer electron ﬂux (black line) at six values
of L*, for energies following a line of constant 𝜇 = 100 MeV/G and the electron ﬂux outputted by method 1 (red line)
and method 2 (blue line). As in Figure 7, grayed regions show periods when the assumption that electron ﬂux falls with
increasing energy is violated.
throughout the radiation belt region is generally diﬃcult to ascertain. Here we use the POES data to study the
seed population for June 2013 and compare the time sequence of the ﬂux to Van Allen Probe A observations.
Present 3-D radiationbeltmodels generally either set theminimumenergy to a constant value throughout the
calculation region (e.g., Tu et al., 2013;Wanget al., 2017) or theminimumenergy is deﬁnedbya lineof constant
ﬁrst adiabatic invariant, 𝜇 (e.g., Albert et al., 2009; Glauert et al., 2014a). Here we formulate the 90∘ electron
ﬂux at energies following a line of ﬁrst adiabatic invariant to explore using the presentedmethods to generate
low-energy boundaries for models like the British Antarctic Survey (BAS) Radiation Belt Model (Glauert et al.,
2014a). Figure 9 shows both the Van Allen Probe A data (black line) and the output from applying method 1
(red line) and method 2 (blue line) to the POES data, at various L* values covering the outer radiation region.
The ﬂux is given for electron energies deﬁned by following a line of 𝜇 = 100 MeV/G, calculated assuming a
dipole ﬁeld for simplicity. The value of 𝜇 corresponds to an energy of ∼161 keV at L* = 5.5 and is therefore a
relatively reasonable value for the low-energy boundary of a 3-D Radiation Belt Model for June 2013 (Allison
et al., 2017). One hour averages of the converted POES ﬂux are shown. As with Figure 7, periods when more
than two energy channels of MagEIS showed that the electron ﬂux did not fall with increasing energy are
shaded in gray. It is clear that during these grayed periods, when our underlying assumptions do not hold,
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the electron ﬂux obtained from applying eithermethod to the POES data typically overestimates the electron
ﬂux. However, for times outside of these gray regions, the converted ﬂux displays a similar shape to the Van
Allen Probe data and is mostly within a factor of ∼5 of the observations.
In general, throughout the outer radiation belt, we were able to use the POES low Earth orbit integral elec-
tron ﬂux measurements to obtain a time sequence for the 90∘ pitch angle ﬂux at selected seed population
energies, which mostly resembled the observations by the MagEIS instruments when the assumption made
in both sections 3 and 4.2 held. For smaller L* values, diﬀerences between theMagEIS recorded value and the
converted POES ﬂux are more apparent; however, general trends in the MagEIS ﬂux variation in time were
mostly followed. Flux increases likely associated with the rise in activity on 1, 7, and 29 June are captured in
the converted POES ﬂux. Likewise, the sharp decreases in the ﬂux seen at L* = 5.5 and 5.0 on 28 June 2013
are also reproduced. In agreement with the results shown in Figure 8, Figure 9 shows that the two methods
return similar results. Thus, it is suggested that using either method described in this paper would provide an
adequate realistic low-energy boundary condition.
8. Using the Low-Energy Boundary Condition From POES Data in the BAS
Radiation Belt Model
The low-energy boundary condition formulated from POES data for June 2013, shown in section 7, has been
used in the BAS Radiation belt model (Glauert et al., 2014a). To avoid starting the simulation during the
high-Kp period at the beginning of June 2013 (so electron enhancements are calculated by the model rather
than being supplied by the initial condition), we run the BAS Radiation Belt model starting on 3 June 2013.
The diﬀusion coeﬃcients used by Glauert et al. (2018) in the BAS Radiation Belt Model have also been used
here. Radial diﬀusion coeﬃcients are given by the electromagnetic component of the Kp-dependent model
from Brautigam and Albert (2000). Pitch angle and energy diﬀusion coeﬃcients have been calculated by the
PADIE code (Glauert & Horne, 2005) and include contributions fromwhistler mode chorus waves (Horne et al.,
2013), electromagnetic ion cyclotronwaves (Kersten et al., 2014), plasmaspheric hiss and lightning-generated
whistlers (Glauert et al., 2014a). Losses due tomagnetopause shadowing are included as described byGlauert
et al. (2014b).
The 3-D BAS Radiation Belt Model requires boundary conditions on six surfaces, corresponding to the max-
imum and minimum of each of the three coordinates: 𝛼, energy, and L*. The minimum and maximum 𝛼
boundaries and the maximum energy boundary condition are deﬁned as described by Glauert et al. (2014a).
Van Allen Probes data from MagEIS and Relativistic Electron Proton Telescope have been used to formulate
the initial condition and theminimumandmaximumL*boundaries. The ﬁnal low-energyboundary condition
has been supplied by POES data following the techniques presented in this study. As performing the conver-
sion from integral ﬂux to diﬀerential ﬂux by either method 1 or 2 returns largely similar results in Figure 9, we
have used method 1 to generate the low-energy boundary condition for the BAS Radiation Belt Model.
Figure 10b shows themodel results for perpendicular 0.9-MeV electrons obtained using the POES low-energy
boundary condition. The ∼0.9-MeV ﬂux measured by MagEIS is shown in Figure 10a. Both the data and the
model output exhibit a small dropout on 6–7 June 2013, during which both the AE and Kp indices increase.
Van Allen Probe A then observed an enhanced electron ﬂux which gradually decays over an extended period
where Kp remains less than 2. As shown by Figure 7, this quiet period largely encompasses times where
S-shaped energy structure of the outer radiation belt was observed. The model (Figure 10b) also produces a
ﬂux enhancement following the dropout; however, as evidenced by the ratio between themodel output and
observations in Figure 10d, this ﬂux increase is lower than observed and, for L* > 4, exhibits a slower decay.
A seconddropoutwasobservedon20 Junewhere theAEandKp indicesboth increasedand remainedhigh for
several days. Again, a ﬂux enhancement in both the model output and Van Allen Probe A data was observed
following the dropout. In the model output (Figure 10b) this second enhancement extends down to L* = 4,
while the observations suggest the ﬂux increase to have been mostly at L* > 4.5. From 22 June, for L* > 4.5,
themodel-data ratio in Figure 10d suggests a very good agreement between themodel and Van Allen probe
measurements. Conversely, at lower L*, the disparity in the inward extent of the enhancement produces the
model’s largest departure from the data.
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Figure 10. (a) Van Allen Probe A MagEIS ﬂux of 0.9 MeV electrons at a local pitch angle of 90∘; (b) 0.9-MeV electron ﬂux
from BAS Radiation Belt Model using a low-energy boundary condition supplied by POES data. Dashed white line marks
the plasmapause location given by Carpenter and Anderson (1992); (c) same as (b) but using Van Allen Probe A data to
supply the low-energy boundary condition; (d) ratio of the 0.9-MeV model ﬂux obtained using the POES low-energy
boundary condition to the MagEIS measured values; (e) same as (d) but for the model run using the Van Allen Probes
low-energy boundary condition; (f ) the Kp and AE indices for the period. MagEIS = Magnetic Election Ion Spectrometer;
POES = Polar Operational Environmental Satellites; RBSP = Radiation Belt Storm Probes; BAS-RBM = British Antarctic
Survey-Radiation Belt Model.
As a comparison, the results from the BAS Radiation Belt Model, using a low-energy boundary condition
formulated from Van Allen Probe A MagEIS data, are shown in Figure 10c. Encouragingly, the model out-
put using the POES low-energy boundary condition (Figure 10b) and the results from using the Van Allen
Probes low-energy boundary condition (Figure 10c) are largely similar. This was expected as Figure 9 showed
the two low-energy boundary conditions to be fairly alike, generally showing the same features. The largest
variations between the two low-energy boundary conditions in Figure 9 mostly occurred during the shaded
periods, marking times when S-shaped energy structure of the outer radiation belt was observed. Comparing
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Figure 10b and Figure 10c suggests that the overestimations of the seed population in the POES low-energy
boundary condition, during quiet times, as a result of the S-shaped energy structure, has not had an adverse
eﬀect on the model output.
Although mostly similar, there are slight diﬀerences between the two model outputs. Following the initial
enhancement starting on 7 June, the model run using the POES low-energy boundary condition produced
a slightly higher 0.9-MeV electron ﬂux than the model run using the Van Allen Probes low-energy boundary
condition. Additionally, the second enhancement starting around 22 June does not extend quite as low in
L* for the model run shown in Figure 10b as that in Figure 10c. These variations may be a result of the MLT
coverage and rapid L* sampling oﬀered by the POES satellites.
The general agreement between Figure 10b and Figure 10c suggest that the POES low-energy boundary con-
dition would provide a good event-speciﬁc low-energy boundary condition for periods outside of the Van
Allen Probes mission. Furthermore, another use of the methods presented in this paper would be to provide
an alternative event-speciﬁc low-energy boundary conditions for events during the Van Allen Probesmission.
Comparing the model output obtained from using the POES low-energy boundary condition to the model
output from using the Van Allen Probes low-energy boundary condition for the same event would enable the
relative importance of changes in the seed population on higher-energy enhancements to be examined. The
low-energy boundary condition formulated from POES satellite data may include localized and short-lived
enhancements, unseen by the Van Allen Probes. As such, this could potentially lead to better understanding
of how the dynamics of the seed population aﬀect ﬂux enhancements.
9. Discussion
The POES satellites operate in low Earth orbit and someasure electrons near the bottom of ﬁeld lines, relating
to low equatorial pitch angles (e.g., ∼12∘ at L* = 3). Additionally, the MEPED detector measures integral elec-
tron ﬂux, covering an energy range from30, 100, or 300 keV up to 2.5MeV. Sections 6 and 7 showed the results
of using these lowequatorial pitch angle, integral ﬂuxmeasurements to determine 90∘ equatorial pitch angle,
diﬀerential ﬂux for energies in the 100- to 600-keV range, or along a line of constant 𝜇 = 100 MeV/G. The
comparison of the resulting values to equivalent near-90∘ diﬀerential ﬂux measurements from the MagEIS
instrument show that the developedmethods work well, considering the challenges involved. For themajor-
ity of L* values and energies considered, the average diﬀerence between the retrieved ﬂux values and the
corresponding MagEIS measurements were less than a factor of 4. Furthermore, it is encouraging that the
results of the two methods for converting from integral to diﬀerential ﬂux result in similar outputs. Figure 9
shows that the ﬂux from either method overlapped for much of June 2013.
In Figure 7, several periods were identiﬁed in the MagEIS data where the electron ﬂux increased with energy.
As the MEPED detectors onboard the POES satellites measure integral electron ﬂux, solely using POES data,
we were unable to determine occasions when this occurred. A deepeningminimum around 300 keV tends to
produce a peak at ∼800 keV. This peak is included in the integral measurement, but, as we assume that the
electron ﬂux falls with increasing energy, we attribute its contribution to an increased ﬂux at the lower-energy
values. As a result, when the ﬂux distribution showed this form, the methods presented typically return ﬂux
values for energetic electrons that are higher than observed, as shown by Figure 9. The minimum is thought
to be formed by the combination of losses due to hiss waves and gradual radial diﬀusion (Ripoll et al., 2017)
and primarily occur during quiet times. For more active periods, when wave acceleration processes are eﬀec-
tive (Meredith et al., 2012), we tend to see energetic electron injections and ﬂux energy distributions that
do fall with increasing energy. As a result, when the seed population is likely to be an important component
to accurately reproduce the ∼1-MeV electron ﬂux in radiation belt models, the methods presented in this
paper for forming a low-energy boundary condition are unlikely to be aﬀected by S-shaped distributions.
Overestimating the seed population during quiet times may cause the model ﬂux at energies very close to
the low-energy boundary to be overestimated. However, in the absence of a signiﬁcant acceleration mecha-
nism, this is unlikely to extend to energies far from the boundary, as evidenced by the 0.9-MeV ﬂux from the
BAS Radiation Belt Model using the POES low-energy boundary condition, shown in Figure 10b. During the
quiet period from 12 to 20 June 2013, when S-shaped energy structure was observed over a range of L* and
the seed population overestimated by the POES low-energy boundary condition, the model result obtained
(Figure 10b) is largely similar to themodel output where the low-energy boundary conditionwas supplied by
MagEIS observations (Figure 10c).
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What is perhaps surprising is how regularly the electron ﬂux rises with increasing energy as well as the L*
range over which this was observed. During June 2013 the MagEIS data showed that the assumption was
violated for L* = 3.5 to 5.5. The integral ﬂux observed by the POES satellites did not always decrease sharply
when the Van Allen Probes MagEIS instrument recorded a sharp drop in the electron ﬂux at energies close to
the lower-energy threshold of the integral channel. This agrees with the observations of Reeves et al. (2016)
and Ripoll et al. (2016), which suggest that during such periods the ﬂux level at higher energies is maintained,
forming minima in the ﬂux energy distributions.
Figure 9 shows that during the ﬁrst half of June 2013, at L* = 3.5, the 490-keV MagEIS ﬂux rapidly increased
twice (on 1 and 7 June). The converted POES ﬂux from both methods 1 and 2 rose for these instances but did
not show enhancements to the same extent as the observations. Figures 4 and 6 suggest that for L* > 4.5,
the shape parameter of the average pitch angle distribution does not vary notably with activity for any of the
electron energies considered. Conversely, for L* values in the 2–4.5 range, the n(E) and N(E) values showed
a larger variation with Kp. If the pitch angle distributions for the integral ﬂux during both enhancements in
early June were better described by higher N(E) than that of the average distribution for the activity level,
the omnidirectional ﬂux used in the conversion would also be higher and may account for the diﬀerences
observed between theMagEIS ﬂux and the converted values. Likewise if larger n(E) better described the pitch
angle distribution for the 490-keV electrons, the 90∘ pitch angle ﬂux would be underestimated. The pitch
angle distributions can take forms that are not described by any of the functions presented in this paper.
Gannon et al. (2007) observed so-called butterﬂy distributions that show a double peak formwith aminimum
near 90∘. While butterﬂy distributionswere not consideredwhen ﬁtting to the average Van Allen Probes pitch
angle data, these pitch angle distributions can exist in the radiation belt region (Albert et al., 2017; Zhao et al.,
2014b). The occurrence rate of butterﬂy distributions for 510-keV electrons has been shown to exhibit a local
time dependence, with butterﬂy distributions seen primarily on the night side at L> 5.5 (Gannon et al., 2007).
Ni et al. (2016) demonstrated a similar nightside bias for butterﬂy distributions in megaelectronvolt energy
electron populations for L> ∼ 5.5; however, pitch angle distributions have been shown to be largely energy
dependent (Zhao et al., 2018) and the ﬁndings of Gannon et al. (2007) suggest butterﬂy distributions occur
more readily at L> 5.5 for higher-energy electrons. Thiswas alsoobservedbyHorne et al. (2003),withbutterﬂy
distributions seen at L = 6 for electrons greater than 340 keV, while pancake distributions were observed at
lower energies. Further work is required to better understand the occurence of butterﬂy distributions for 100-
to 300-keV electrons for L*> 4.5 as previous studies have largely focused on electrons of higher energy. A fully
MLT-dependent empirical pitch angle distribution model is beyond the scope of the current study. However,
a larger library of potential pitch angle distributions, including MLT variations, may be used to improve the
results from the method in future work.
As ratios shown in Figure 8 are primarily greater than one, the methods presented in this paper tend to pro-
duce electron ﬂux values moderately less than those observed by MagEIS. It is possible that some of this
variation originates in the average pitch angle distributions assumed, as discussed above. Additionally, dis-
parities may arise from the L* mapping of the data as the POES and Van Allen Probes L* values have been
calculated using diﬀerent external ﬁeldmodels (Tsyganenko (1995) and Tsyganenko (1989), respectively). The
MagEIS and SEM-2 instruments have diﬀerent designs and ways of operating, and as such, the lower values
for the electron ﬂux given from the POES measurements may also arise from instrumentation diﬀerences.
For L* ⪆ 3.7 the average ratios between the MagEIS ﬂux measurements and the electron ﬂux retrieved from
the POES measurements are fairly consistent in L* for each energy. As such, the ratio values could potentially
be used as a correction factor, which would encompass the aforementioned sources of error, to improve the
agreement between the POES retrieved ﬂux and the MagEIS observations, as has been applied in previous
work (Meredith et al., 2017).
Figure 9 displays a curious feature of the POES data. A slight diurnal variation can be observed for each of the
L* cuts shown. This diurnal ﬂuctuation has been reported by previous authors (Meredith et al., 2016), where
it was attributed to sampling eﬀects. The diurnal pattern has been reduced in part by considering only the
trappedelectronpopulation and correctingmeasurement timeswhere trappedelectronswere only observed
by part of the ﬁeld-of-view (as described in section 2). However, despite this, some daily variation still persists
in thePOESdata. All ﬁve POES satellites used in this study exhibit thediurnal ﬂuctuation separately and further
work is required to fully understand its origin.
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Average pitch angle distributions, formulated using MagEIS data, have been considered in this study to con-
vert the POES data to omnidirectional ﬂux, and to estimate the electron ﬂux at a 90∘ pitch angle. Where
equation (9) was ﬁtted to the average MagEIS equatorial pitch angle distributions, the resulting n(E) values
shown in Figure 6 are largely similar to those presented by Shi et al. (2016) (who also assumed the form
given by equation (9)). Additionally, the n values from the 100-keV electron diﬀerential ﬂux pitch angle dis-
tributions are near to the >100-keV N parameters for L* values where a single sine function was used. An
agreement between the diﬀerential 100-keV n values and theN values for the integral>100-keV ﬂux supports
the assumptionmade in section3 that allows thepitch angledistributions tobeapproximatedbyequation (1),
and this is further reinforced by comparing the 300-keV n values to the >300-keV N values. When Shi et al.
(2016) considered how the n(E) varied with L (as opposed to L* used in this study), a notable peak in the n(E)
values can be observed in the region of L = 2–4, with the exact L of the peak depending on both electron
energy and activity. This peak in n(E) for L values relating to the slot region is likely associatedwith the cap dis-
tributions namedby Zhao et al. (2014a), where a sharp peak in the ﬂux can be seen around a pitch angle of 90∘
for an otherwisemostly ﬂat distribution. In sections 3 and 5 of the present paper, a second equation involving
two sine functions was ﬁtted to pitch angle distributions that displayed this form, and the corresponding L*
values were shaded gray in Figures 4 and 6. Generally, for equivalent electron energies and activity levels, the
L range for the peak in n(E) shown by Shi et al. (2016) are similar to the L* values where the distribution con-
sisting of two sine functions best ﬁtted the pitch angle distribution. For both the integral and diﬀerential ﬂux,
the L* valueswhere cappitch angle distributionswere observed reducedwith increasing electron energy. The
energy dependence in the location of these cap pitch angle distributions agrees with the suggestion that the
observed cap pitch angle distributions are formed by hiss waves Lyons et al. (1972).
There are four main beneﬁts of using the methods put forth in this paper to formulate the low-energy
boundary condition for radiation belt models from low Earth orbit POES data. First, it enables the low-energy
boundary to be calculated for 3-D radiation belt models with a higher temporal resolution than can be
achieved with the Van Allen Probes. As such, it enables the importance of short-lived seed population
enhancements to be examined. Second, with multiple satellites, a better MLT coverage is given by POES and,
in addition to improving the drift average, the retrieved POES data could be used to formulate low-energy
boundary conditions for up-and-coming 4-D models. Third, the POES and MetOp satellites present a wealth
of data, with SEM-2 coverage spanning ∼19 years, enabling event-speciﬁc low-energy boundary conditions
to be formed for events prior to the start of the Van Allen Probesmission, and likely afterward. Using a realistic
low-energy boundary, derived from data, enables better understanding of the role of local acceleration dur-
ing such events (Tu et al., 2014). Fourth, POES is able to measure the electron ﬂux out to the last closed drift
shell. Glauert et al. (2014b) presented a method where the phase space density was set to zero for the outer
boundary condition, simulating losses to the magnetopause. By using the methods presented in the current
paper to formulate the low-energy boundary condition for an event, and using an outer boundary condition
such as that described by Glauert et al. (2014b), the entire radiation belt region could be studied using a radi-
ation belt model. Other uses of the retrieved data set include examining the evolution of the seed population
across multiple MLTs. Once the POES data has been converted to diﬀerential ﬂux, it can be used to calculate
the phase space density. Analysis of the phase space density evolution is a valuable tool to ascertain physical
processes active in the radiation belt region (Green & Kivelson, 2004) and the coverage ofmultipleMLT planes
may help to further identify processes aﬀecting the seed population.
10. Summary and Conclusions
Here we have presented a novel method to convert the >30-, >100-, and >300-keV electron ﬂux measure-
ments from the POES satellites at low Earth orbit to diﬀerential ﬂux values across a range of energies, at 90∘
pitch angle. The retrieval process consisted of the following steps.
1. Measurementswhere thePOES satellites observed the trappedelectronpopulationwere isolated, andwhen
trapped electrons were only observed by part of the MEPED T90 ﬁeld-of-view, a correction was applied.
2. The POES datawere converted to omnidirectional integral ﬂux by assuming that the pitch angle distribution
obeyed either a single or double sine form. The required parameters for the conversion to omnidirectional
ﬂux were determined by analyzing Van Allen Probes data at a number of L* values and at three levels of Kp.
3. The omnidirectional integral ﬂuxmeasurements were then converted to an omnidirectional diﬀerential ﬂux
spectrum. Two methods to convert the omnidirectional integral ﬂux readings have been investigated. The
ALLISON ET AL. 9593
Journal of Geophysical Research: Space Physics 10.1029/2018JA025786
ﬁrst method employs a library of ﬂux energy distributions returned by the AE9 model, and the second uses
a RMC style iterative ﬁtting approach.
4. Lastly, the omnidirectional ﬂux at each energy was converted to 90∘ directional ﬂux by again assuming that
the pitch angle distribution obeyed a single or double sine function, depending on location and energy. The
associated shape parameters were found using average pitch angle distributions from level 3 MagEIS data
for 100-, 200-, 300-, 500-, and 800-keV electrons, at three levels of Kp and L* = 1.5–5.7.
The results from both methods were compared to observations from the MagEIS instruments onboard the
Van Allen Probes. For L*⪆ 3.7, the average diﬀerence between the converted POES ﬂux and the MagEIS mea-
surement was less than a factor of 4 for energies 100–600 keV. For L*⪅ 3.7, average diﬀerences tended to be
larger, likely due to pitch angle distributions having a greater dependence on activity for this L* range.
The 90∘ equatorial pitch angle ﬂux, at a number of L* values, for electron energies following a line of constant
𝜇 = 100 MeV/G were computed using the POES data, and the results compared to the equivalent ﬂux from
MagEIS. Typically, both methods produce ﬂux values close to the MagEIS measurements, particularly for L*=
4.5–5.5. We suggest that the methods here could be used to formulate event-speciﬁc low-energy boundary
conditions for radiation belt models in order to better study events outside the time period covered by the
Van Allen Probes mission (prior to 2012, and with MetOp data, potentially after the Van Allen Probes are no
longer operational) or at L* outside the Van Allen Probes Orbit.
The assumption that the electron ﬂux falls with increasing energy did not always hold, resulting in the
ﬂux potentially being overestimated. However, the conditions leading to the breakdown of this assumption
primarily occur during quiet times. If POES data were used to generate the low-energy boundary condi-
tion for radiation belt models, an overestimation of the seed population during quiet periods is unlikely to
dramatically alter model outputs at higher energies.
In conclusion, we have formulated the electron ﬂux at 90∘ equatorial pitch angle for a number of seed popu-
lation energies, using integral electron ﬂux measurements taken from POES satellites operating in low Earth
orbit. The resulting method can produce data that, for electron energies between 100 and 600 keV, are typ-
ically within a factor of 4 of the MagEIS observed levels. The method also enables the reconstruction of the
electron diﬀerential ﬂux at the equator for the entire period 1998–2018.
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